Adult progenitor cells reside in specialized microenvironments which maintain their undifferentiated cell state and trigger regenerative responses following injury. Although these environments are well described in several tissues, the cellular components that comprise the cardiac environment where progenitor cells are located remain unknown. Here we use Bmi1 CreERT and Bmi1 GFP mice as genetic tools to trace cardiac damage-responsive cells throughout the mouse lifespan. In adolescent mice, Bmi1 + damage-responsive cells are broadly distributed throughout the myocardium. In adult mice, however, Bmi1 + cells are confined predominately in perivascular areas with low levels of reactive oxygen species (ROS) and their number decline in an age-dependent manner. In vitro co-culture experiments with endothelial cells supported a regulatory role of the endothelium in damageresponsive cell behavior. Accordingly, in vivo genetic decrease of ROS levels in adult heart disengaged Bmi1 + cells from the cardiovascular network, recapitulating an adolescent-like Bmi1 expression profile. Thus, we identify cardiac perivascular regions as low-stress microenvironments that favor the maintenance of adult damage-responsive cells.
Introduction
Several studies report that adult mammals generate new mature cardiac cells although with a cell lineage-specific rate [1] [2] [3] . De novo cardiomyogenesis is limited to ≈1% per year, in fact, most cardiomyocytes are never exchanged [1] . The cellular source of endogenous cardiomyocyte renewal continues to be debated; several studies report a very low contribution to de novo cardiomyocytes from previously described c-Kit + (0.03% per year) and Sca1 + (0.014% per year) adult cardiac progenitor cells [4] [5] [6] . The proliferation of mature cardiomyocytes accounts around 0.6% of de novo cardiomyocytes per year [7, 8] , however, typically experimental proofs of cardiomyocyte division (Ki-67, PCNA [proliferating-cell-nuclear-antigen], PHH3 [phosphorylated histone H3] and Aurora-B-Kinase staining) could be overestimating this percentage [9] . Unlike cardiomyogenesis, cardiac endothelial and mesenchymal cells (including fibroblasts and stromal cells) are highly proliferative, with estimates ranging from 5% to 20% per year [1, 5] . Several studies show that adult cardiac progenitor cells contribute actively to cardiac myofibroblasts and endothelial cells [10] [11] [12] [13] [14] [15] [16] . These cardiac progenitor cells respond to cardiac injury contributing to the, clearly limited, regenerative process [10, 11, 17, 18] . The set of all these lineage-specific cardiac progenitors (cardiomyocyte-, endothelial-, myofibroblast-progenitors) will be generically denoted hereafter as damage-responsive cells (DR-cells).
Polycomb repressive complex 1, containing a BMI1 core component, regulates mitochondrial function [19] and cellular senescence through repression of the INK4a locus [20] . Accordingly, high BMI1 expression is widely linked to the regenerative capacity of adult tissues and identifies cells with progenitor-related characteristics [21] [22] [23] [24] . In cardiac cells, recent reports indicate that BMI1 represses differentiation to cardiomyocyte through direct interactions with regulatory regions of cardiogenic genes [25, 26] . In the adult heart, high BMI1 expression distinguishes a mixture of endothelial-and mesenchymal-related Sca1 + cells able to contribute in vivo to the three main cardiac lineages [27, 28] . More importantly, these cells are necessary for injury-induced angiogenesis and for the physiological cardiac remodeling after myocardial infarction [12] , thus identifying a population of cardiac DRcells. Knowledge of adult progenitor cell populations and stem cell therapy have improved with the identification of their niches, such as epithelial crypts and perivascular niches [29] . Adult stem cell niches are neither homogeneous nor static throughout the life of the mouse. In bone marrow, different niches regulate lineage-biased hematopoietic stem cells [30] . In addition, the aging of bone marrow-, neural-and muscle-niches reduce the regenerative potential of hematopoietic stem cells, neural stem cells and satellite cells, respectively [31] [32] [33] . In the adult heart, however, the identity and characteristics of the microenvironment sustaining cardiac DR-cells remains unknown. In this report we assess the location of cardiac DR-cells and their evolution with aging.
Methods

Transgenic mice and tamoxifen administration
Transgenic mice used in this study were Bmi1 CreERT/+ , Bmi1 GFP/+ , Rosa26 mT.mG/+ , Rosa26 Tomato/+ (All from The Jackson Laboratory), Gli1 CreERT/+ [10] , G6PD Tg [34] and Sod3 −/− [35] , and all were on the C57BL/6 background. Tamoxifen (Tx; Sigma, T5648) was dissolved in corn oil (Sigma, C8267) and intraperitoneally (i.p.) injected (103 μg/g body weight). Experiments were carried out in male and female mice as recommended by the US National Institutes of Health since preliminary analysis revealed no differences between males and females [36] . 7-8week-old mice were used as adult mice unless otherwise indicated in the text. Animal studies were approved by the CNB-CSIC ethics committee and by the Division of Animal Protection of the Comunidad de Madrid (PA 56/11, PROEX 048/16). All animal procedures conformed to EU Directive 2010/63EU and Recommendation 2007/526/EC regarding the protection of animals used for experimental and other scientific purposes, enforced in Spanish law under Real Decreto 1201/ 2005.
Isolation of adult mouse cardiomyocytes and non-myocyte cells
Non-myocyte cells and cardiomyocytes were obtained by the Langendorff method using retrograde perfusion through the aorta. The heart was removed rapidly and retrograde-perfused under constant pressure (60 mmHg; 37°C, 8 min) in Ca 2+ -free buffer (113 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 , 5.5 mM glucose, 0.6 mM KH 2 PO 4 , 0.6 mM Na 2 HPO 4 , 12 mM NaHCO 3 , 10 mM KHCO 3 , 10 mM Hepes, 10 mM 2,3butanedione monoxime, and 30 mM taurine). Digestion was initiated by adding a mixture of recombinant enzymes (0.2 mg/ml Liberase Blendzyme (Roche, 05401127001), 0.14 mg/ml trypsin (ThermoFisher, 15090046), and 12.5 μM CaCl 2 ) to the perfusion solution. When the heart became swollen (10 min), it was removed and gently teased into small pieces with fine forceps in the same enzyme solution. Heart tissue was further dissociated mechanically using 2, 1.5, and 1 mm-diameter pipettes until all large heart tissue pieces were dispersed. The digestion buffer was neutralized with stopping buffer (10% fetal bovine serum (FBS; Capricorn, FBS-12A), 12.5 μM CaCl 2 ). Cardiomyocytes were pelleted by gravity (7 times, 30 min each), and the supernatant was used as a source of non-myocyte cardiac cells [27] .
Acute myocardial infarction
Mice were anesthetized with 4% sevoflurane, intubated, and ventilated with a 50% air:oxygen mixture using a positive-pressure respirator (Minivent 845, Harvard; 160 strokes/min, 250 μl tidal volume). A left thoracotomy was performed via the fourth intercostal space and the lungs were retracted to expose the heart. After opening the pericardium, the left anterior descending coronary artery was ligated with 7-0 silk suture approximately 2 mm below the edge of the left atrial appendage. Ligation was considered successful when the anterior wall of the left ventricle turned pale. The lungs were inflated by increasing positive end-expiratory pressure and the thoracotomy site was closed in layers with 6-0 suture. Mice were maintained on a 37°C heating pad until recovery and for 2 h after surgery. The control mouse group underwent sham ligation, with a similar surgical procedure but without tightening the suture around the coronary artery.
Vascular permeability and Evans blue dye assay
Adult mice (20 g body weight) received histamine (2.5 mg; Sigma, H7125) in phosphate-buffered saline (PBS) via intravenous (i.v.) injection. Hearts were harvested 36 h later and digested by the Langendorff method.
For the Evans blue (EB) dye assay, 4 h after histamine injection mice received 100 μl of 0.5% EB (Sigma, E2129) in PBS via i.v. injection. Mice were euthanized 30 min later and hearts were perfused with 10 ml of PBS through the left ventricle to remove excess EB from vessels. Hearts were then desiccated (24 h, 60°C), followed by EB dye elution in formamide (Millipore, 109684; 24 h, 65°C). To analyze the amount of EB in the supernatant, samples were placed in a 96-well plate and read with a Multiskan GO Spectrophotometer (Thermo Scientific) at 620 and 720 nm, correcting for contaminating heme pigments: A 620 (EB) = A 620 -(1.426 × A 720 + 0.030) [37] . The EB concentration was calculated against a standard curve.
In vivo EdU proliferation assay
5-ethynyl-2′-deoxyuridine (EdU; Sigma, T511285) was dissolved in 0.9% NaCl and stored at 10 mg/ml. For proliferation experiments, mice received EdU (10 μg/g, i.p., once daily, as indicated in the figure legends). Hearts were digested by the Langendorff method or frozen for histology. Proliferating cells were detected with Click-iT Imaging (C10640) or Click-iT Flow Cytometry (C10634) kits (ThermoFisher) following the manufacturer's protocol.
In vivo reactive oxygen species (ROS) measurement
To detect ROS in vivo, adult mice (20 g body weight) received CellROX (100 μl, 2 mM, i.v., ThermoFisher, C10422) diluted in 0.9% NaCl just before use. Mice were euthanized 2 h later and hearts were perfused with 10 ml of PBS through the left ventricle to remove excess CellROX. Hearts were immediately frozen in OCT compound (Tissue-Tek, 25608-930), sectioned at 8-μm intervals on a cryostat, briefly fixed in 4% paraformaldehyde (PFA, TED PELLA, 18505; 5 min at room temperature (RT)), and permeabilized (0.1% PBS-Triton X-100 (Sigma, X100); 10 min, RT). Preparations were incubated with primary endothelial antibodies (Table S2 ) and processed normally (see Immunohistochemical analyses). CellROX images were captured with a Zeiss LSM 700 confocal microscope with fixed settings and pseudocolor assignment was based on fluorescence intensity (Fiji v2.0.0, 2015; NIH). Using 12-bit images (color level range 0-4095), putative nonstained areas (0-50) were discarded and ROS low areas (50-800) were distinguished from ROS high areas (> 800). Intensity threshold between high versus low ROS areas was defined with heart sections from 24 h paraquat-treated mice (ROSgenic product [38] ; 20 mg/kg, Sigma, 36541). Paraquat-treated hearts showed > 50% heart surface with > 800 intensity level. For histological quantification of ROS levels, at least 30 representative transverse heart sections from complete ventricles were used (n ≥ 5).
Immunohistochemical analyses and computational modeling of Bmi1 + cell localization
Hearts were fixed in 4% PFA overnight at 4°C and cryopreserved in 30% saccharose, frozen in OCT compound, and sectioned at 8-μm intervals on a cryostat. Briefly, sections were washed in PBS and incubated with permeabilization buffer (0.1% Triton X-100; 20 min, RT).
Slides were rinsed in blocking buffer (5% bovine serum albumin, Sigma, A7906; 1 h, RT) and incubated with primary (Table S2 ; overnight; 4°C) and secondary (1 h, RT) antibodies, incubated with DAPI (Sigma, D9542; 20 min, RT) and mounted with ProLong antifade reagent (ThermoFisher, P36930) as we previously described [27] .
Computational simulation of randomly distributed Bmi1 + cardiac cells was done using Tile Scan files of series of images from 8-μm transversal heart sections. Only ventricle sections were selected for development of computational modeling due to the structural differences between ventricles and atria. To simulate a random cell distribution model avoiding experimental bias, we used the same Tile Scan images used to measure observed Euclidean distances. The number of randomly placed Bmi1 + cells was selected based on the number of observed Bmi1 + cells detected in each individual heart section. Because the hearts of Bmi1 CreERT/+ Rosa26 Tomato/+ G6PD Tg mice and Bmi1 CreERT/+ Rosa26 Tomato/+ mice are equal in size, an increase in the number of Bmi1 + cells in the former would increase the probability that they are found closer to endothelium structures. The set of all simulations defined a two-dimensional cell distribution that we would observe for non-preferentially localized Bmi1 + cells in relation to the respective structures. Computational simulation and measurement of the distances were performed in a blind manner by two researchers. If the in situ Euclidean distance measurements were not-statistically different from those obtained by a random placement of Bmi1 + cells, this would indicate a non-preferential spatial distribution. The computational simulation was performed using ImageJ software (Fiji v2.0.0).
For histological quantification of the two-dimensional distance from Bmi1 + cells to the respective structures, at least 30 representative transverse heart sections from ventricles were used (n ≥ 3). Images were captured with a Zeiss LSM 700 confocal microscope. Processing, including pseudocolor assignment and changes in brightness, was applied uniformly to the entire image to equalize the appearance of multiple panels in a single figure.
In vitro cell culture
Primary Sca1 + Bmi1 + CD45 − and PDGFRα + mesenchymal-like cells were sorted after Langendorff digestion and expanded in Iscove's modified Dulbecco's medium (IMDM, ThermoFisher, 12440053) containing 10% FBS, 100 IU/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine (all from Invitrogen), 10 3 units ESGRO Supplement (Millipore, ESG1106), 10 ng/ml EGF (epidermal growth factor; Sigma, SRP3196) and 20 ng/ml FGF (fibroblast growth factor; Peprotech, 100-18B) (37°C, 3% O 2 , 5% CO 2 ). Primary adult cardiac endothelial cells (CD31 + ) were obtained with the Neonatal Cardiac Endothelial Cell Isolation Kit (Miltenyi, 130-104-183). CD31 + primary cells and the 1g11 endothelial cell line [39] were expanded in VascuLife VEGF Endothelial Medium Complete Kit (Lifeline Cell Technology, LL-0003) (37°C, 21% O 2 , 5% CO 2 ). Primary cardiac cells were used for the experiments at passage ≤9.
Co-culture experiments
Endothelial/mesenchymal-like cells were seeded at 4 × 10 4 cells/ cm 2 on 0.1% gelatin-treated plates. Cells were washed with PBS 8 h later, and cardiac DR-cells were seeded at the same density directly onto the endothelial/mesenchymal cell monolayers in Sca1 + Bmi1 + CD45 − cell culture medium. All analyses were done after 12 h of co-culture in Bmi1 + cardiac DR-cell culture medium (37°C, 21% O 2 , 5% CO 2 ).
To label actively proliferating cells, EdU (10 μM) was added to the co-culture 12 h prior to analysis and proliferating cells were detected with the Click-iT Imaging kit (ThermoFisher).
Total ROS (CellROX) and mitochondrial mass (MitoTracker Green, M7514; both ThermoFisher) were used following the manufacturer's protocols. In all experiments, Bmi1 + cardiac DR-cells were detected based on intrinsic Tomato (cells isolated from Bmi1 CreERT/+ R26 Tomato/ + mice) or GFP (from Bmi1 GFP/+ mice) fluorescence.
Recombinant protein assays
For EphrinB2 or EphB4 stimulation, clustered EphrinB2-Fc or EphB4-Fc (both from R&D Systems, 496-EB and 446-B4; 5 μg/ml) were absorbed on 0.1% gelatin-coated cell culture plates (2 h, 37°C). Clustering was achieved using anti-human IgG, Fcγ fragment specific antibody (Jackson ImmunoResearch, 109-005-098) at a 2:1 M ratio, as described [40] . After 12 h, cells were detached from dishes and GFP fluorescence was measured by FACS.
For the Fc protein binding assay, Bmi1 + DR-cells were detached from dishes, washed twice (5% FBS/PBS) and incubated with 2 μg/ml Fc-fusion proteins (1 h, 4°C). After washing, cells were incubated with PE-conjugated goat anti-human IgG(H + L) (Jackson ImmunoResearch, 109-116-088; 1 h, 4°C). Stained cells were analyzed with a FACSGallios instrument (Becton Dickinson).
For VEGFA stimulation, VEGFA (R&D Systems, 493-MV; 10 ng/ml) was added to Bmi1 + cardiac DR-cell cultures for 12 h prior to analysis.
Flow cytometry
For flow cytometry analysis, hearts were digested by the Langendorff method and cell-or cardiomyocyte-enriched fractions analyzed. In total, > 10000 events were collected for each sample and gates were set manually using negative controls. Cell sorters used were Beckman Coulter Moflow XDP and BD FacsAria II Special Order System, and cell cytometers were Beckman Coulter GALLIOS Analyzer and BD FACSCanto II. Kaluza v1.5 was used for data analysis.
Western blotting
For western blotting, cells and tissues were lysed (45 min, 4°C) in radioimmunoprecipitation assay buffer (RIPA; Sigma-Aldrich, R0278), with addition of cOmplete, EDTA-free Protease Inhibitor Cocktail (Roche, 04-693-132-001). Proteins were quantified using a Multiskan GO Spectrophotometer (Thermo Scientific). Lysates were size-fractionated by SDS-polyacrylamide gel electrophoresis, transferred to Hybond ECL nitrocellulose membranes (ThermoFisher, IB401002), probed with indicated antibodies (Table S2 ) and analyzed by enhanced chemiluminescence (GE Healthcare, RPN2209).
RT-qPCR analysis
RNA was purified using the Cells-to-CT Kit (Ambion, ThermoFisher, 4402953). Complementary DNA was obtained by reverse transcription with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814). cDNAs were analyzed by real-time PCR using the Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659). Amplification, detection and data analysis were carried out with an ABI PRISM 7900HT Sequence Detection System and normalized to GusB and Gapdh expression. Changes in mRNA expression are noted as ×-fold change relative to the control. qPCR primers are listed in Table S2 .
RNA-Seq and accession numbers
Methods for RNA isolation and sequencing of freshly sorted CD45 -Sca1 + Bmi1 + vs. CD45 -Sca1 + Bmi1cardiac cells have been described in detail elsewhere [17] . The GEO accession number for RNA-Seq data reported is GSE55754.
Statistical analysis
Statistical analyses were performed with GraphPad Prism 6.01. Data were subjected to the Shapiro-Wilk test for normality and F test for 
Results
Percentage and types of Bmi1 + DR-cells decrease in an age-dependent manner
We traced damage-responsive (DR) cells in postnatal hearts using Bmi1 GFP/+ mice, in which green fluorescence protein (GFP) expression is driven by endogenous Bmi1 regulatory elements [41] . The percentage of non-myocyte Bmi1 + DR-cells decreased in an age-dependent manner from adolescence (2-3-weeks-old) to adulthood (4-months-old), and continued to decrease in geriatric mice (> 24-months-old) ( Fig. 1A and  B) . In contrast to the decrease in the percentage of Bmi1 + DR-cells, GFP intensity slightly increased in remaining adult Bmi1 + DR-cells (Fig. 1C) . These results show a decrease of Bmi1 + DR-cells linked with heart aging.
To identify Bmi1 + cells in heart sections we used tamoxifen (Tx)inducible Bmi1 CreERT/+ Rosa26 tdTomato/+ mice (denoted hereafter as Bmi1-cre Tomato ), since GFP signal in cryosections from Bmi1 GFP/+ mice was difficult to distinguish from background. Tomato expression 5 days post-Tx induction in Bmi1-cre Tomato mice resembles GFP expression in Bmi1 GFP/+ mice [12] and the percentage of Tomato + cells was similar to that assessed by fluorescence-activated cell sorting (FACS), indicating that the immunohistochemistry analysis was robust (Fig. S1A ). In adolescent mice 5 days post-Tx induction, Bmi1 was expressed in various cell types, including mature lineages ( Fig. 1D-G) . In adult mice 5 days post-Tx induction, Bmi1 expression was nonetheless restricted to non-myocyte Sca1 + cells (Fig. 1D, F-H) . In addition, and as observed in other organs, Bmi1 deficiency led to higher levels in p16 INK4a and p19 ARF senescence-related genes in Bmi1 haploinsufficient hearts (Bmi1 +/− ) [41] than in wild-type hearts (Fig. 1I ). Altogether, these results show an age-dependent reduction in the percentage of Bmi1 + DR-cells and a restriction in the cardiac cell lineages that expresses BMI1 throughout mouse lifespan.
Bmi1 + DR-cells display a perivascular gradient-like cell distribution in adult heart
Adult progenitor cells reside in microenvironments that maintain progenitor identity and control cell-fate decisions [42] . To identify the Bmi1-cell environment, we used confocal imaging to visualize heart sections from 5 days Tx-induced Bmi1-cre Tomato adult mice. The majority of Bmi1 + DR-cells were located in the left ventricle (≈70%), particularly in the lateral free wall; however, we detected the highest relative density in the right ventricle (Figs. S1B and C). In all cases, Bmi1 + DR-cells were located in a gradient-like distribution around cardiac vasculature, but never in the tunica intima of blood vessels (Fig. 1H ). To gain detailed insight into their location, we examined the spatial relationship between Bmi1 + DR-cells and vasculature using two-dimensional tile scanning of heart sections. We found that more than half of total Bmi1 + DR-cells were located within 60-μm of vasculature ( Fig. 1J) , preferentially close to small vessels but with no preference to coronary veins or arteries (Figs. S1D and E). We used computational simulations to statistically confirm such a biased cell distribution (see Methods and Fig. S1F for details). We verified that the observed Bmi1 + DR-cell distribution was similar in all analyzed mice ( Fig. S1G) and was significantly different to the expected distribution of randomly placed cells (grey bars in Fig. 1J ). The spatial relationship between cardiac damage-responsive cells and vasculature was not restricted to Bmi1 + DR-cells, as we statistically confirmed a similar relationship with proposed Gli1 + myofibroblast progenitors [10] (Fig.  S1H) . In contrast to adult heart, Bmi1 + DR-cells displayed a random cell distribution in adolescent hearts, suggesting that perivascular environment becomes relevant in an aging-dependent fashion (Fig. 1K ).
Non-proliferating Bmi1 + DR-cells are close to cardiac vasculature
As described in other adult stem cell niches, we hypothesized that cardiac vasculature might exert a regulatory role on Bmi1 + DR-cells [43, 44] . We evaluated their cell cycle status and distribution in relation to cardiac vasculature in steady state. Fourteen days after daily 5ethynyl-2′-deoxyuridine (EdU) administration ( Fig. 2A) , we observed that the mean distance of EdU + Bmi1 + DR-cells to endothelium was significantly different to that of EdUcells (Fig. 2B) . The largest percentage of EdU + Bmi1 + DR-cells was located in a zone 40-60-μm to the nearest endothelium (50% of total Bmi1 + DR-cells in 40-60-μm area) ( Fig. 2B ). Whereas the largest percentage of total Bmi1 + DR-cells resided very close to the endothelium, only a small percentage of these cells (≈10% of total) were proliferating (20% of total Bmi1 + DR-cells in 0−20-μm area) ( Fig. 2B and C) . To determine whether cardiac injury could alter the distribution of proliferating Bmi1 + DR-cells, we performed a similar analysis after acute myocardial infarction (AMI) (Fig. 2D ). We no longer detected a spatial relationship of proliferating Bmi1 + DR-cells with the endothelium, suggesting extensive cell cycle entry ( Fig. 2E ). Despite the impairment of cardiac vasculature after AMI, we detected the largest percentage of EdU + Bmi1 + DR-cells (≈30% of total) close to the vasculature (70% of total Bmi1 + DR-cells in 0−20-μm zone) ( Fig. 2E and F) . Altogether, these results show that non-proliferating Bmi1 + DR-cells are preferentially located close to the endothelium in homeostasis, but this cell distribution is no longer apparent after damage, when perivascular Bmi1 + DR-cells proliferate intensely.
Endothelial cells regulate the behavior of Bmi1 + DR-cells in vitro
Many of the endothelial-Bmi1 + DR-cell interactions are challenging to study in vivo. We attempted to mimic these interactions by co-culturing primary Bmi1 + cardiac DR-cells isolated from 5 days Tx-induced adult Bmi1-cre Tomato mice [12] with the endothelial 1g11 cell line [39] and also with primary cardiac endothelial cells (CD31 + ). Co-culture with primary mesenchymal cardiac cells (PDGFRα + ) was used as a control (Fig. S2A ). We first examined Bmi1 + DR-cell proliferation following an in vitro EdU pulse. We detected that only heterotypic culture with endothelial cells decreased cardiac Bmi1 + DR-cell proliferation (Fig. 3A and B) . In addition to cell cycle regulation, and as we expected based on reported niche properties [43, 44] , we observed that direct contact with endothelial cells also reduced total reactive oxygen species (ROS) levels in Bmi1 + DR-cells, which was concomitant with a decrease in total mitochondrial mass ( Fig. 3C and D) . We then evaluated whether endothelial-Bmi1 + DR-cell contact maintained Bmi1 + cell identity by measuring Bmi1 expression. We isolated Bmi1 + DR-cells from Bmi1 GFP/+ mice (GFP + ) and co-cultured with membrane tomato cardiac endothelial cells from Rosa26 mT.mG/+ mice (mT + ) [45] ( Fig. 3E ). Bmi1 expression was higher in co-cultured Bmi1 + DR-cells than in those cultured alone (Fig. 3F) .
Endothelial cells stimulate stem-like cells in normal and cancer tissues through both cell-cell contact and soluble factors [44, 46] . We performed comparative RNA sequencing (RNA-Seq) analysis of Bmi1 + vs. Bmi1 − adult cardiac cells to identify potential endothelial-related D. Herrero, et al.
Redox Biology 22 (2019) 101156 signaling pathways that could mediate the crosstalk with neighboring endothelial cells (Table S1 ). Heat map and fold change analyses showed that in Bmi1 + DR-cells both EphrinB2/EphB4 and Vegfa/Vegfr2 signaling pathways were potential candidates to mediate interactions with endothelial cells (Fig. 3G and H) . As described in tumor cells [46] , we found that VEGFA stimulation upregulated Bmi1 expression in Bmi1 + DR-cells isolated from Bmi1 GFP/+ mice (Fig. 3I ). EPHRINB2 and EPHB4 are preferentially expressed on arterial and venous cardiac endothelium, respectively [47] . Because EphrinB2/EphB4 signaling is bidirectional, we examined the ability of recombinant EphrinB2-Fc and EphB4-Fc proteins to bind to Bmi1 + cardiac DR-cells. Both proteins bound to a fraction of Bmi1 + DR-cells ( Fig. 3J ) and activated Bmi1 expression ( Fig. 3K ), suggesting that Bmi1 + cells comprise a mixture of artery-(EphB4 + ) and venous-related (EphrinB2 + ) perivascular cells. Altogether, our findings strongly suggest that Bmi1 + DR-cell maintenance depends on the combinatorial regulation of several signaling pathways that depends on endothelial cells. From this network of signaling pathways, our data highlight EPHRINB2/EPHB4 and VEFGA/ VEGFR2 signaling as potential mediators in the fine-tuning of endothelial-Bmi1 + cardiac DR-cell interactions.
Cardiac Bmi1 + DR-cells are sheltered in perivascular areas with low ROS levels
As Bmi1 + cardiac DR-cells displayed a gradient-like distribution around cardiac vasculature rather than a discrete perivascular distribution, we reasoned that additional mechanisms could regulate Bmi1 + cell distribution. We pharmacologically disrupted endothelial barrier function in Bmi1 GFP/+ mice by administration of histamine [37, 48] (Figs. S2B and C) . After histamine treatment, we observed a significant reduction in the percentage of perivascular Bmi1 + DR-cells ( Fig. 4A ) that was not explained by an increase in Bmi1 + cardiac cell death or Bmi1 downregulation mediated by histamine ( Fig. 4B and C) . These results show that integrity of the vascular barrier is relevant for the maintenance of perivascular environment where cardiac damage-responsive cells are located. Cardiac Bmi1 + DR-cells display low levels of ROS in vivo and are resistant to oxidative damage [26] . To test whether the capacity of blood vessels to generate low-ROS areas in their proximity [43, 49] contributes to shelter Bmi1 + cells, we in vivo stained total ROS in hearts from Bmi1-cre Tomato adult mice 5 days post-Tx induction (Fig. S2D) . The total ROS staining detected the increase in cardiac ROS levels after paraquat treatment, confirming that the staining was robust (Fig. S2D ).
In addition to identifying perivascular zones with high ROS levels, we also found perivascular areas with very low levels of ROS (Fig. 4D ) coinciding with the localization of the majority of Bmi1 + DR-cells ( Fig. 4E and F) . Along with the decrease in the percentage of Bmi1 + DR-cells in adult hearts (Fig. 1A) , we detected and age-dependent increase in total ROS levels, without difference in perivascular areas (Fig. 4G ). Overall, these results suggest that the ROS low environment harbors Bmi1 + cardiac DR-cells. Aging restricts the extension of these areas without affecting perivascular environment, thus maintaining the perivascular Bmi1 + DR-cells in adulthood.
Reduction of ROS levels disengaged Bmi1 + DR-cells from the vasculature
To confirm the importance of perivascular ROS, we genetically decreased ROS levels by crossing Bmi1 GFP/+ mice with glucose-6-phosphate dehydrogenase transgenic mice (G6PD Tg ), which boosts tissue protection from aging-associated functional decline (denoted hereafter as Young induced ) [34] . As a negative control, we crossed Bmi1 GFP/+ mice with superoxide dismutase 3 knockout mice (Sod3 −/− ), in which endothelial-related Sod3 deficiency increases vascular nitric oxide consumption and, therefore, displays features of accelerated aging (denoted hereafter as Aged induced ) [35] (Fig. 5A ). Hearts were harvested from adolescent to adult mice to cover the temporal window during which the largest decrease of Bmi1 + cardiac cells occurred (see Fig. 1A and B). The decrease in oxidative damage in Bmi1 GFP/+ Young induced mice (Figs. S3A and B) triggered an increase in the percentage of cardiac Bmi1 + DR-cells in adolescent mice and delayed their age-associated loss ( Fig. 5B and C) . In agreement, the increase in oxidative damage in Bmi1 GFP/+ Aged induced mice (Figs. S3C and D) accelerated the age-related loss of cardiac Bmi1 + DR-cells (Fig. 5D ).
To gain more insight into the effect of G6PD overexpression in Bmi1 expression profile, we analyzed histological heart sections of Bmi1cre Tomato Young Induced adult mice 5 days post-Tx treatment. No differences in vascularization were detected between adolescent and adult Bmi1-cre Tomato and adult Bmi1-cre Tomato Young Induced hearts (Fig. S3E) . Included in the large number of Bmi1 + cells in Bmi1cre Tomato Young Induced hearts, we detected mature cardiac cell types such as smooth muscle, cardiomyocytes and mature endothelial cells (Fig. 5E ). The Bmi1 expression profile in Bmi1-cre Tomato Young Induced adult hearts from 5 days Tx-treated mice resembled that of Bmi1cre Tomato adolescent hearts from 5 days Tx-treated adolescent mice, suggesting an in vivo delay of the aged-dependent cell-lineage restriction of Bmi1 expression (Fig. 5F, G and Fig. S4 ).
We then analyzed the distance of cardiac Bmi1 + DR-cells to the nearest vasculature in 5 days post-Tx induced Bmi1cre Tomato Young Induced adult mice (blue) and found no differences in the mean distance or cell distribution compared with the expected distribution of randomly placed cells (grey; Fig. 5H ). These results show that the genetic decrease of ROS levels leads to Bmi1 expression in cell types where Bmi1 is not expressed in steady state. Accordingly, the genetic decrease of ROS levels in adult hearts altered the close spatial relationship of Bmi1 + DR-cells with the cardiovascular network, resembling it to adolescent wild-type hearts.
Discussion
Several studies suggest that hypoxic zones, epicardium and the vasculature provide a protective microenvironment for damage-responsive cells in adult heart [10, 50, 51] . Although there is evidence that some damage-responsive cells have a perivascular localization [10, 52] , an in-depth analysis of cell distribution has not been undertaken to our knowledge. Here, our cell distribution analysis statistically confirmed the vasculature as a partner in the still undefined microenvironment for adult cardiac Bmi1 + damage-responsive cells.
Cardiac vasculature is heterogeneous in developmental origin, cell composition and functional specialization [47] . As is the case for neural-and bone marrow-endothelium [43, 44] , our data strongly suggest an active role of cardiac vasculature in homeostasis and tissue repair; endothelial cells are able to trans-differentiate into cardiomyocytes, smooth muscle cells and myofibroblasts [52] [53] [54] , and coronary vasculature is linked to progenitor cells both during development [55] and adulthood [6, 10] . Moreover, cardiac endothelial cells have the highest exchange rate in the low cell turnover of the adult heart [1] .
The study of cellular constituents of the vascular niche has emphasized its complexity in various tissues [56] . Most adult stem cells are located close to small-size arterioles [43, 49] but not directly linked to hypoxic zones [49] . Although Bmi1 + DR-cells are located close to small-size vessels, our results suggest that they are not preferentially located in artery or vein perivascular-areas. Blood vessels regulate adult progenitor identity through cell-cell contact [44] , production of cytokines [43] or generation of zones with low ROS levels [49] . We showed that endothelial cell crosstalk with Bmi1 + DR-cells was driven by both cell-cell contact and endothelial-related soluble factors. In addition, we found that the cell-type and the percentage of cells which express BMI1 were influenced by total ROS levels. Aging correlated with an increase in ROS levels in the myocardium, while in the adult heart endothelial network maintained low-ROS areas in its proximity that sheltered Bmi1 + DR-cells.
The relationship between ROS and progenitor cell maintenance has been extensively studied. High ROS levels induce DNA damage, mitochondrial dysfunction and early aging [26, 57] . Accordingly, the highest heart regeneration capacity is seen during embryo development, which occurs in an environment with low-ROS levels [57] . The postnatal ROS increase is linked to cell cycle exit of cardiomyocytes [57] and, in adulthood, high ROS levels activate the expression of a cardiogenic differentiation program [26, 58] . It is therefore not unexpected that adult cardiac damage-responsive cells are nested and maintained in low-ROS areas, confirming oxidative stress as a limiting factor of cardiac regenerative capacity.
Aging is the result of the combination of genetically programmed events and extrinsic damages, although both events are closely connected. Ineffective ROS regulation is linked with the generation and progression of cardiac aging [59, 60] and all suggested methods to delay cardiac aging such as caloric restriction [61] , mitochondrial manipulation [62] , pharmacological treatments [63] share the oxidative damage reduction effect. Here, we identify low ROS areas such as the microenvironment for cardiac damage-responsive cells. This microenvironment is confined to perivascular positions in an agingrelated fashion, suggesting that manipulation of ROS-related pathways and/or stimulation of vascular niche-like structures would constitute an important element in cardiac response to injury.
